The flow behavior of .%Si alloys during hot compression was investigated at 10 temperatures 650-950 °C and strain rates 0.01-10 s -1 . The results showed that the flow stress 11 depended distinctly on the deformation temperatures and strain rates. The flow stress and work 12 hardening rate increased with the decrease of temperature and the increase of strain rate. The 
50
choices. PMs have been considered a useful approach to distinguish the feasibility of rolling process,
51
investigate the transformation of microstructures, and observe the formation of textures. Therefore,
52
these techniques can be used to optimize the rolling parameters and control the microstructures and 53 textures. PMs have been employed to evaluate the processing technology of various alloys, e.g.,
54
austenitic steels and Al-Cu-Mg-Ag alloys [23, 24] . However, there are no researches about the 55 processing map of the Fe-6.5wt.%Si alloys for simulating the rolling parameters. Thus, it is necessary 56 to analyze the flow behavior characteristics and processing map and to simulate the rolling 57 parameters to ensure the rolling stability for the industrialized production of the Fe-6.5wt.%Si alloys.
58
In this study, the effect of deformation conditions on the flow behavior and microstructural 59 evolution of the Fe-6.5wt.%Si alloy during compression was investigated. The constitutive equations 60 were established. PMs were generated to investigate the feasibility of the rolling process and observe 61 the microstructure corresponding to each region of the PM. Based on the analysis of the surface 62 quality, microstructures, and ordered structures, the optimized processing parameters were 63 obtained.
64

Materials and Methods
65
Fe-6.5wt.%Si alloy ingots were cast in a vacuum medium-frequency induction furnace by 66 melting pure iron (Fe=99.5 wt.%) and metallic silicon (Si=99 wt.%) above 1500 °C. The chemical 67 composition is presented in Table 1 . After homogenization at 1050 °C for 50 h, the ingots were 68 die-forged into square billets with a cross-section of 24×24 mm 2 at 800-1100 °C. 
69
71
Cylindrical specimens of Ф6 mm×12 mm were machined from the square billets with equiaxed 72 grains. Isothermal compression tests were conducted using a Gleeble TM thermo-mechanical test 73 frame (Gleeble-1500) at temperatures ranging from 650-950 °C and strain rates ranging from 0.01-10 74 s -1 . The height reductions were 50% and 80%, and hence, the corresponding true stains were 0.7 and 75 1.6, respectively. The specimens were heated to the required temperature at 20 °C/s, maintained for 76 180 s, compressed at a specified temperature, and finally quenched in water.
77
The compressed specimens were polished and etched with a solution of 5% HNO3 in deionized
78
water. The microstructures of these specimens were observed using an Ernst Leitz Wetzlar optical 79 microscope.
80
The ordered structures of the specimens after deformation were observed using X-ray 
86
The true stress-true strain curves of the Fe-6.5wt.%Si alloy at a total true strain of 1.6 under 87 various deformation conditions are shown in Figure 1 . It can be observed that the flow stress 88 increased rapidly at the beginning of deformation, reached a steady state after a stress peak, and
89
increased slowly at the end in most of the curves e.g., in the curve indicating deformation at the 3 of 19 temperature of 750 °C and strain rate of 0.01 s -1 (Figure 1a ). It is also observed that the flow stress 91 depended distinctly on the temperature, strain rate, and strain. The flow stress decreased with the 92 increase of deformation temperature, and increased with the increase of strain rate. A peak stress
93
was evident in most of the curves e.g., in the curve indicating deformation at the temperature of 650
94
°C and strain rate of 0.1 s -1 (Figure 1b ). 
98
Hot compressive deformation is influenced by work hardening and dynamic softening. 
117
The positive values of θ indicate that the work hardening exceeds the dynamic softening. The
118
peak stress and corresponding strain can be obtained from the flow curve, whereas the true peak 119 stress (σ ) and strain (ε ) can be calculated from the θ-ε and θ-σ curves when θ=0 [26], as presented 120 in Table 2 . 
121
123
It can be observed that the work hardening rate increased with the decrease of temperature and
124
increase of strain rate, as shown in Figure 2 (a). Similarly, the peak stress increased with the decrease 125 of temperature and increase of strain rate, as shown in Figure 2 (b).
126
The DRX was initiated before the flow stress reached a peak. The critical stress (σ ) and 127 corresponding strain (ε ) could satisfy the condition − = 0 [27]. The critical stress and 128 corresponding strain are listed in Table 3 . 
129
ε = A exp(βσ)exp − ,(2)135 ε = A sinh(ασ) exp − ,(3)
136
where ε is the strain rate, σ is the flow stress, A1, A2, A, n1, β, α (= ), and n are constants, R is the gas 137 constant (8.314 Jmol -1 K -1 ), T is the deformation temperature, and Q is the activation energy of the 138 deformation. The value of Q reflects the relationship between the work hardening and dynamic
139
softening during the hot compressive deformation, and it also describes the formability of the alloy.
140
The above three constitutive equations correspond to various conditions, i.e., the power 
143
In addition, the relationship between the strain rate and temperature during compression can 145
146
These constants and the activation energy are calculated using the peak stress, steady-state 147 stress, or another stress at a certain strain. The peak stress is usually favored, because it is useful in 148 industrial production [32] . In this study, not all the peak stresses could be obtained. Therefore, the 149 steady-state stress was also used. Applying logarithm on both sides of Equations (1), (2), (3), and (4),
150
the new equations can be derived as follows:
153 lnε = nln sinh(ασ) + lnA − ,
154 ln sinh(ασ) = + lnε − .
155
The slopes of curves of lnε vs. lnσ and σ represent the values of n and β, respectively, as Table 4 . The value of Q was 410 kJ/mol in the present study. Liang [22] reported that the activation 164 energy of the Fe-6.5wt.%Si alloy varies from 211 kJ/mol (at 800-1100 °C) to 478 kJ/mol (at 500-700 165 °C), depending on the crystalline structure and deformation temperature. Therefore, the constitutive 166 equation with the hyperbolic sine function, Equation (3), and Zener-Hollomon parameter, Equation
162
167
(4), is written as
169 Z = ε exp = 8.24 × 10 sinh 0.01σ . .
170
However, Kim [33] indicated that the peak stress could be expressed better as a function of 171 than as a function of Z. Moreover, the critical stress (σc) for DRX [34] and the steady-state stress (σss)
172
[33] could be also expressed as functions of . Figure 4 shows the relationship between stresses and 173 ln( ) of the Fe-6.5wt.%Si alloy. The stresses are expressed as a function of ln( ) , and the 7 of 19 relationships can be expressed using linear equations. When the value of ln( ) is higher than -2.5,
175
the relationship between these stresses and the value of ln( ) can be written as
178 σ = 95 + 28ln( ).
179
When the value of ln( ) is lower than −2.5, the equations can be written as
181 
185
When the value of ln( ) was lower than −2.5 (the shadowed areas of Tables 2 and 3 
218
The Z parameters under various deformation conditions are listed in Table 5 , which are 219 obtained from Equation (10). The values of Z in the frames correspond to the deformation conditions 220 discussed above (in the box in Table 5 ) and demonstrate that DRX occurs under certain conditions.
221
The dynamically recrystallized grains grow in the gray areas, which are zones of low Z values. It can 222 be concluded that, when the values of Z are lower than 10 20 (the shadowed area in 
236
where m is the strain rate sensitivity parameter and is given as
238
Generally, the microstructure transformation become more stable and secure and the 239 workability is improved with the increase of the value of η. Therefore, the deformation condition 
244
If ξ<0, the unstable flow occurs during the hot deformation, which is harmful to the material 
267
The PM at the true strain of 0.7 can be divided into five domains, as shown in Figure 7 . The 268 deformation temperatures and strain rates corresponding to the five domains are presented in Table   269 6. The hot deformation is unstable (ξ<0) below 800 °C and above 1 s -1 (Domain 1), and the
270
representative sample was compressed at the temperature of 650 °C and strain rate of 10 s -1 .
271
Conversely, some regions above 900 °C and below 0. 282 Table 6 . Temperatures and strain rates corresponding to the five domains. 
Optimization of processing parameters
284
The optimized processing parameters can be obtained depending on the PM. The processing 285 parameters are chosen from the region with high power dissipation efficiency and stability.
286
However, micro-cracking often occurs when the power dissipation efficiency is excessively high
287
(η>0.6). In general, DRX is the best choice for hot deformation in order to acquire good mechanical 307 Figure 9 shows the XRD patterns of the specimens after deformation at the true strain of 0.7 308 under various conditions. The peak corresponding to (200) is a characteristic reflection peak of the
309
B2 structure. It is observed in Figure 9 that the B2 ordered phase and A2 disordered phase were 310 present in all the specimens, whereas the D03 ordered phase was not formed. Li [39, 40] reported 311 that the D03 ordered phase is extremely harmful to the mechanical property of the Fe-6.5wt.%Si The Z parameters corresponding to the five domains are listed in 
321
Owing to the values of Z lower than 10 20 , DRX occurs in Domains 2, 3, and 5. The investigation of 322 each domain is described in detail as follows. 
323
335
Domain 2 indicates high power dissipation efficiency (0.4<η<0.55) and low instability (ξ>0),
336
and is a very stable region in the PM. Figure 11 shows the microstructure and recrystallized fraction 337 of the specimen deformed at the true strain of 0.7, temperature of 950 °C, and strain rate of 10 s -1 .
338
The deformed grains almost disappeared, and DRX occurred in the deformation area, as shown in
339
Figure 11 (a). However, a small number of elongated grains still existed in the deformation region.
340
The recrystallized fraction including complete and partial recrystallization reached 68.62%, and the 341 content of deformed grains was almost 30%, as shown in Figure 11 (b). Therefore, these 342 deformation parameters (Domain 2) are applicable for the Fe-6.5wt.%Si alloy. 
365
Domain 5 indicates high power dissipation efficiency (0.45<η<0.6) and low instability (ξ>0),
366
and is a very stable region in the PM. Figure 14 shows the corresponding microstructure and DRX
367
content at the true strain of 0.7. It can be observed that no deformed grains appeared in this region,
368
which was filled with DRX grains, as shown in Figure 14 
374
Based on the analysis of surface quality, microstructures, and ordered structures, it can be 375 concluded that the Fe-6.5wt.%Si alloy is unstable under the deformation conditions of Domain 1.
376
The order of Z corresponding to the five specimens is 3. 
Conclusions
386
The flow behavior of the Fe-6.5wt.%Si alloy during hot compression was investigated at 387 temperatures ranging from 650-950 °C and strain rates ranging from 0.01-10 s -1 . PMs were 388 established at various true strains. The following conclusions can be drawn:
